High-throughput data production has revolutionized molecular biology. However, massive increases in data generation capacity require analysis approaches that are more sophisticated, and often very computationally intensive. Thus, making sense of highthroughput data requires informatics support. Galaxy (http://galaxyproject.org) is a software system that provides this support through a framework that gives experimentalists simple interfaces to powerful tools, while automatically managing the computational details. Galaxy is distributed both as a publicly available Web service, which provides tools for the analysis of genomic, comparative genomic, and functional genomic data, or a downloadable package that can be deployed in individual laboratories. Either way, it allows experimentalists without informatics or programming expertise to perform complex large-scale analysis with just a Web browser. Curr. Protoc. Mol.
INTRODUCTION
Research in the life sciences continues to become more data-intensive. With new highthroughput experimental techniques, an individual laboratory can generate raw data of a scale that was unthinkable only a few years ago. These developments represent an enormous opportunity for basic and applied research. However, they are also creating a crisis for many scientists, since making sense of this wealth of data requires significant analysis infrastructure. Without informatics support, experimental biologists, who possess key biological knowledge and experience, and thus the best potential for making novel discoveries, cannot effectively use the available data.
Galaxy (http://galaxyproject.org) rectifies this challenge by providing the needed informatics infrastructure (Taylor et al., 2007) . For experimentalists, it provides an analysis environment in which they can perform analysis interactively, while ensuring that the resulting analyses are transparent and reproducible. The Galaxy framework encapsulates high-end computational tools, and gives them intuitive user interfaces while hiding the details of computation and storage management. It thus eliminates the need for specialized informatics expertise when performing many common types of large-scale analysis.
This unit describes the functionality of Galaxy using a series of examples. It is directed primarily at experimentalists, and makes use only of analysis tools available at the public These protocols cover the basic aspects of the functionality of Galaxy. They are sufficient for overcoming the initial learning curve, but Galaxy has much more to offer, including complex analyses of next generation sequencing data such as metagenomic applications or re-sequencing studies. Additionally, the Galaxy project is progressing rapidly with new tools and features added on a monthly basis. The best way to keep up with these enhancements is to regularly check the screencast page at http://galaxycast.org.
Before beginning the protocols, it is beneficial to review terminology and concepts. Many of the formats ("datatypes") used in genomics are composed of rows of tab-delimited columns, which contain varied data (known as tabular data and similar in function to a spreadsheet). One of these is known as interval, in which each row represents the position of a genomic feature in a particular genome. The interval format contains at least three columns: (1) the chromosome, (2) the start position within that chromosome, and (3) the end position within that chromosome. Other columns commonly included are name, strand, score, and exon information (when the intervals are gene annotations). Additional formats beyond those composed of tabular columns are used, but the intricacies of their formats can be largely ignored in this introductory text as Galaxy can handle most of the details needed for performing complex analysis. The practice of matching rows between tabular datasets with Galaxy is known as "joining." Two different Join tools are used here. The first Join tool works on interval datasets (using multiple columns to determine matching) and creates a dataset where rows are matched if their interval on the genome overlaps (by a user-specified number of nucleotides) and combined into a single row. The second type of join works on a single column from each dataset and is useful for matching between identifiers. Every time a tool is run, one or more datasets are created in the user's history. The box surrounding the dataset will change color based upon its state: a query in the queue will be indicated by a gray box, a running query will be yellow, and a completed query will have a green box. Although a dataset is only ready to be viewed or used as input after it has turned green, additional analysis steps can be lined up for non-completed queries by using the desired tools as normal; the tools will wait in the queue for the dataset needed to finish before running. Examining Figure 19 .10.1 in detail will familiarize the user with the layout of Galaxy's interface, including a history for the user and the tools menu.
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Current Protocols in Molecular Biology 1. Upload the TAF1 ChIP-Seq data. Before beginning the analysis, the ChIP-Seq data needs to be uploaded into Galaxy's workspace (known as a user's "history" throughout this document). e. Click Execute. The dataset will be uploaded and will appear as dataset no. 1 within the right panel.
2. Set properties of the TAF1 dataset (Fig. 19.10 .2). To begin the analysis, a number of properties for the ChIP-Seq dataset need to be set. The Interval datatype describes data representing genomic coordinates or "intervals" (chromosomes, start positions, and end positions within chromosomes, as well as variable data, for a set of genomic features). f. Click the Save button immediately below the box. The upper part of the interface will change. g. Set Chrom column, Start column, and End column to 2, 3, and 4, respectively.
Check the Name box and select 5 from the adjacent dropdown. h. Click the Save button immediately below. i. The appearance of dataset no. 1 within the right panel will change-column headers will appear, and the format will change to Interval.
3. Upload gene annotations from the UCSC Table. A new interface will appear in the center panel. c. Type "c1,c2,c3,c4,c6" in the Cut Columns text box. d. Click Execute. A new dataset, no. 4, will appear within the right panel, containing only columns one through four and column six, which respectively correspond to the chromosome, start position, end position, name and strand for the calculated promoter regions. e. Rename dataset no. 4 to Clean Promoters by clicking the pencil icon and typing "Clean Promoters" in the Name field that will appear within the center panel.
Click the Save button. f. Because the Cut tool breaks column assignment, click the pencil icon. A new interface will appear in the middle. g. Use the New Type dropdown within the Change Data Type box to select Interval.
The Interval datatype describes data representing genomic coordinates (intervals). h. Click the Save button immediately below the box. The upper part of the interface will change. i. Set Chrom column, Start column, and End column to 1, 2, and 3, respectively.
Check the Strand checkbox and select 5 from the adjacent dropdown. Check the Name checkbox and select 4 from adjacent dropdown. j. Click the Save button immediately below. k. The appearance of dataset no. 4 within the right panel will change-column headers will appear, and the format will change to Interval. 
BASIC PROTOCOL 2

COMBINING AND FILTERING GENOME ANNOTATIONS: FINDING EXONS WITH THE HIGHEST NUMBER OF NUCLEOTIDE POLYMORPHISMS
The objective of this protocol is to demonstrate joining, grouping, sorting, and filtering of genomic annotations in Galaxy. To explore these features using real data, an illustrative example is presented: identification of exons containing the largest number of single nucleotide polymorphisms (SNPs).
A screencast of the protocol can be viewed at http://galaxycast.org/cpmb-2009-2.
Materials
An internet-accessible computer with any modern Web browser (Firefox, Safari, Opera, Internet Explorer)
NOTE:
It is beneficial to clear the current history and start re-numbering from 1 by accessing the History Options and selecting Create New. It simplifies following the numbered steps.
1. Upload exon annotations from the UCSC Table Browser: a. Click Get Data in the Tools menu list on the left panel.
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b. Click UCSC Main. The UCSC Table Browser interface will be displayed in the middle panel. c. Because the data of interest are human annotations, make sure that Clade, Genome, and Assembly are set to Mammal, Human, and Mar. 2006, respectively. d. Set Group to Genes and Gene Prediction tracks and Track to UCSC Genes. e. Select the radio button Position and type "chr22" within the adjacent text box.
This will limit the annotations to the entirety of chromosome 22. f. Make sure Output Format is set to BED-Browser Extensible Data and the checkbox by send Output to Galaxy is checked. The BED format is a specialized version of the interval format discussed earlier; it contains the information required to represent a genomic position. g. Click Get Output. A new interface will appear. h. Make sure the Coding Exons radio button is selected in the Create One BED Record Per: area. The genes on chromosome 22 will be divided into coding exons, with each exon having its own set of genomic intervals. i. Click Send Query to Galaxy. At this point, a new dataset, no. 1, will appear in Galaxy's history on the right panel. A query in the queue will be indicated by a gray box, a running query will be yellow, and a completed query will have a green box. j. When the query has completed, rename dataset no. 1 to exons by clicking the pencil icon and typing "exons" in the Name field that will appear within the center panel. Click the Save button. 4. Count the number of SNPs per exon using the Group tool. In Figure 19 .10.7, if an exon contains multiple SNPs, its name is repeated. It is possible to take advantage of this by using the Group tool. By counting the number of times each exon's name appears within dataset no. 3, the number of SNPs within that exon will be obtained. 7. Restore genomic location for exons containing ten or more SNPs.
Step 6 produced a list of exons containing ten or more SNPs; however, information about their genomic position, strand orientation, etc. has been lost. Because dataset no. 6 contains the exon identifier field, it can be used to restore genomic context information by joining with dataset no. 1. The Join two Queries tool is different than the Genomic Operations Join, which was used earlier; this tool matches two separate datasets by matching column contents between any tab-delimited dataset (including interval datasets).
a. Click Join, Subtract, and Group from the Tools menu list on the left panel. b. Click Join two Queries. A new interface will appear within the center panel. c. Set Join to dataset no. 1 exons. d. Set Using Column to "c4" as this column contains exon identifiers in dataset no. 1. e. Set With to dataset no. 6 Filter on data 5. f. Set And Column to "c1" as this column contains exon identifiers in dataset no. 6. g. Click Execute. Dataset no. 7 Join two Queries on data 6 and data 1 will appear within the history panel on the right. It contains full genomic context information about exons containing ten or more SNPs in chromosome 22.
8. Visualize dataset no. 7 Join two Queries on data 6 and data 1 in UCSC Genome Browser.
a. Go to the right (history) panel and expand dataset no. 7 by clicking on the name of the dataset. b. Click the Display at UCSC main link. A new browser tab (or window) will open dataset no. 7 within the UCSC Genome Browser. The query will be displayed as a track called User Supplied Track. Access to menu control of this track is available in the menus area below, and the track will be available in the UCSC Table Browser for further query and manipulation.
9. To save the analysis and share it with colleagues continue on to Support Protocol 1.
SUPPORT PROTOCOL 1
SAVING RESULTS IN GALAXY AND SHARING DATA WITH OTHERS
How can researchers ensure that the analyses they have just conducted are safely stored and that they are able to go back to them at anytime? They will need to create a free account within Galaxy. This is the only requirement to save analyses. The protocol below explains how to store results and introduces sharing analyses with colleagues. A screencast can be viewed at http://galaxycast.org/cpmb-2009-3 to walk the user through the process. 
Materials
An internet-accessible computer with any modern Web browser (Firefox, Safari, Opera, Internet Explorer) Results from Basic Protocol 2 A Galaxy account (created by clicking Register in the Galaxy interface); histories must be linked to a user to be stored and shared 1. Rename the history. All histories are given the default name Unnamed, which is not very descriptive. Change name by following the steps below.
a. Click the pencil icon immediately above the history items (on a lavender background). A text box will appear to the left of the pencil. b. Type "Exons and SNPs" in the textbox and hit the Enter or Return key on the keyboard.
2. Click the Options button above the history panel. A list of history actions will appear in the middle panel.
3. Click the Share link.
4. Enter the e-mail address of an existing Galaxy user and click Submit. This history is now shared.
BASIC PROTOCOL 3
GENERATING A WORKFLOW FROM A HISTORY IN GALAXY
Basic Protocols 1 and 2 demonstrate interactive analysis in Galaxy, the result is a history that documents each step of an analysis. Galaxy also allows the construction of reusable multi-step analysis "workflows" (Fig. 19.10.8) . In this protocol, the creation of a workflow from an existing analysis history is demonstrated.
A screencast of the protocols can be viewed at http: //galaxycast.org/cpmb-2009-4 .
Materials
An internet-accessible computer with any modern Web browser (Firefox, Safari, Opera, Internet Explorer) History created from Basic Protocol 2 A Galaxy account (created by clicking Register in the Galaxy interface); all workflow manipulation in Galaxy requires the user to be logged in with an account 1. Ensure a non-empty history is loaded (for this example, the history resulting from the completion of Basic Protocol 2 is used).
In the header of the History panel (top-right of the Galaxy analysis interface), click
Options. This will load a menu of options that apply to the current history.
3. Click Extract Workflow. This will load a list of the actions (tool runs) that generated each dataset in the current history. A subset of tools can be selected by clicking the checkboxes on this page (e.g., if more than one analysis has been performed in the current history, but a workflow is only to be created from one of them). 5. Click the Create Workflow button to create the new workflow; a message will be displayed in the center panel confirming that the workflow was created.
SUPPORT PROTOCOL 2
MODIFY A PARAMETER IN THE WORKFLOW IN GALAXY
After constructing a workflow from an existing analysis, the Workflow Editor can be used to modify tool parameters (or even add and remove steps). 
Galaxy
COMMENTARY
Galaxy successfully bridges the gap between data collection and analysis. The public Galaxy server allows researchers across the globe to perform computationally intensive, large-scale analyses with the only equipment requirement consisting of an internetconnected Web browser. Users are not required to delve into the intricacies of how to execute a large collection of unrelated programs, but instead have access to a unified point-andclick interface. Galaxy provides both experimental biologists and their computational colleagues with a framework to facilitate truly reproducible cutting-edge science.
The protocols contained within this unit offer only a glimpse of possible analyses and tool functionality. The text contained herein should only be considered as an introduction to performing complex analysis with Galaxy. New datasets, tools, and features are added regularly. Some new menu choices may arise or move. In addition to the screencasts that accompany these protocols, many more screencasts that demonstrate additional functionality are available at http://galaxycast.org and others will be added over time.
Transparency and reproducibility
Open and transparent research is essential to the process of science. Research papers cannot be published without making the protocols and generated experimental data publically available. Unfortunately, the same standards are often not applied to computational analysis. When analysis is performed within Galaxy, every detail is preserved in the "history" and can be inspected later. These histories can be shared or published, and can be reproduced (with or without modification) through the workflow system. Thus, without additional effort on the part of the user, Galaxy facilitates greater transparency and reproducibility of computational analyses.
Collaboration
While the scope of this unit is limited to introducing a user to performing data analysis with the public Galaxy server, Galaxy is also an excellent resource for collaborative analysis. Because it is Web-based, collaborators at different locations can easily and rapidly share data and analyses. In particular, Galaxy's library system provides for sharing of datasets within research groups, complete with access controls and version histories.
Research groups that have their own collections of analysis scripts and binaries will find it worthwhile to download the open source framework, integrate their unique tools, and maintain a private server (a "Galaxy instance") for laboratory members to work on their projects. A local Galaxy server makes collaborations between computational and experimental researchers more efficient, since new analysis tools can be effortlessly made available to colleagues, allowing programmers to focus on method development. Although beyond the scope of this introduction to the user interface, documentation and assistance for programmers is also available on the Galaxy site.
The Galaxy Framework is easily downloaded, quickly configured, and effortlessly deployed. Although written in Python, no knowledge of the Python programming language is required to deploy or maintain a personal Galaxy instance. This facilitates local development of new tools, the creation of new Galaxy instances with custom toolsets, and secure private Galaxy instances for analyzing protected data (e.g., genotype data obtained in clinical setting). To download the Galaxy Framework and view detailed installation documentation, visit http://getgalaxy.org.
Help and feedback
Galaxy is under constant development and is improved based upon user suggestions. Extensive help is available in the form of screencasts as well as active public mailing lists, where both experimentalists and computationalists can request and receive advice. Discussion of feature requests is also encouraged. For links to these resources and to use Galaxy, visit http://galaxyproject.org.
